Purpose: To assess the effect of addition of different concentrations of nanodiamonds (NDs) on flexural strength, impact strength, and surface roughness of heatpolymerized acrylic resin. Materials and Methods: 120 specimens were fabricated from heat-polymerized acrylic resin. They were divided into a control group of pure polymethylmethacrylate (PMMA; Major.Base.20) and three tested groups (PMMA-ND) with 0.5%wt, 1%wt, and 1.5%wt of added ND to PMMA. Flexural strength was determined using the three-point bending test. Impact strength was recorded by using a Charpy type impact test. Surface roughness test was performed using a Contour GT machine. One-way ANOVA and Tukey's post-hoc analysis (p ࣘ 0.05) were used for statistical analysis. Results: Acrylic resin reinforced with 0.5% ND displayed significantly higher flexural strength than the unreinforced heat-polymerized specimens, acrylic resin reinforced with 1% ND and the 1.5% ND (p < 0.0001). The impact strength of unreinforced heat-polymerized specimens was significantly higher than all nano-composite materials (p < 0.0001) with no significant difference between 1% ND and the 1.5% ND (p > 0.05). The addition of 0.5% ND and 1% ND significantly decreased the surface roughness in comparison to both control and the 1.5% ND groups (p < 0.0001) while no significant differences between 0.5% ND and 1% ND (p > 0.05) were reported. Nano-composite material (0.5% ND) showed significantly lower surface roughness when compared to other specimens. Conclusions: The addition of NDs to acrylic denture base improved the flexural strength and surface roughness at low concentrations (0.5%), while the impact strength was decreased with ND addition.
PMMA is a clear polymer liable to be modified to improve its physical properties. Several attempts have been made to upgrade mechanical features of acrylic resin by providing maximum bulk in the heavily stressed areas through cross-linking, copolymerization, and reinforcement. 4 Materials such as glass fibers, metal wires, and oxides (e.g., zirconium, aluminum, titanium) have been proposed to reinforce acrylic resin. [5] [6] [7] Addition of metal fillers (powdered silver, copper, and aluminum) to acrylic resin have been proposed and resulted in an increase in compressive and impact strengths with an improved fracture resistance of the resin. 8 Nanoparticles were also used as fillers in dental polymeric materials to upgrade some of the mechanical properties of the nanocomposites. [6] [7] [8] Similar to nanocomposites, nanodiamond powders' (NDs) unique properties of hardness and thermal conductivity allow them a wide range of applications.
9,10 ND particles are considered an effective reinforcing material to PMMA because of their strength, fine dispersion within the acrylic matrix, surface properties, and biocompatibility. 11 As the mechanical properties of the polymer-matrix composites depend on the efficient interaction between the polymer matrix and the filler material, the as-received ND has been e417 functionalized to create surface carboxyl and hydroxyl groups, which interact with the polymer at the molecular level. 12, 13 To ensure good dispersion of the reinforcement particles in any media they need proper surface modification or functionalization. The treatment includes heat treatment in gaseous atmospheres, 12 chemical methods such as acid mixture purification, 13 and polymer grafting. 14 Some of these methods are so difficult and time consuming that they are uneconomical, especially in industrial applications. Heat treatment in air (as one of the easiest methods) has been used as a ND purification method. In addition, NDs have several reactive groups (COOH, NH 2 , OH, etc.) that increase their interfacial bond with PMMA.
11, 13 Lee et al reported increased mechanical strength and improved handling properties of NDembedded gutta percha. 15 Improvement of overall performance of ND-reinforced autopolymerized PMMA acrylic resin used for interim restorations has also been reported. 16 Surface roughness (Ra) affects denture esthetics and patient comfort. A smooth acrylic denture surface reduces plaque adhesion and microbial colonization, a major cause of denture stomatitis. [17] [18] [19] The surface roughness of denture base materials depends on material structures, polishing techniques, reinforcement, and polymerization time and techniques. 20 Intraorally the rough intaglio surface of the denture is an ideal environment for microorganisms and plaque accumulation. 17, 19, 20 The recommended surface roughness to reduce plaque accumulation at the denture tissue surfaces is 0.2 µm, as microorganism colonization may increase if the surface roughness is higher than 0.2 µm. 19 Although NDs are widely used in medical fields 11 due to their superior mechanical and biological properties and used as a reinforcing material for provisional fixed prostheses, the effect of ND addition to denture base materials has not been investigated. Therefore, the purpose of the present study was to evaluate the effect of addition of NDs as filler with different concentrations to heat-polymerized PMMA resin. The null hypothesis was that ND addition to PMMA denture base material will not affect the flexural strength, impact strength, or surface roughness of nanocomposite specimens (PMMA-ND).
Materials and methods
Materials used in this study are listed in Table 1. 21 Specimens were fabricated using metal molds with different dimensions (Fig 1) . 24 Molds were waxed up (Set-up Wax; Cavex, Haarlem, Netherlands) to fabricate 120 wax specimens with proper dimensions then invested in dental stone (Fujirock EP; GC, Leuven, Belgium) within the flask (61B Two Flask Compress; Handler Manufacturing, Westfild, NJ). Flasks with wax specimens were placed in a wax elimination machine for 15 minutes to melt away wax, creating mold spaces. Separating medium (Isol Major; Major Prodotti Dentari Spa, Moncalieri, Italy) was applied to all stone surfaces and kept aside until packing. Heat-polymerized acrylic resin was used to prepare 120 bar-shaped specimens. According to ND concentrations, specimens were divided into four groups (n = 10/group) ( Table 2) .
ND particles were heat treated at 450°C for 2 hours in air to produce functional groups on their surfaces. 12 Functionalized NDs were weighted using an electronic balance (S-234; Denver Instrument GmbH, Göttingen, Germany) in concentrations of 0.5%wt, 1%wt, and 1.5%wt of acrylic resin powder and then added and mixed separately, first manually using conventional glass mortar and pestle with gentle hand pressure. The ND/PMMA composite powder was then stirred with an electric mixer at a rotating speed of 400 rpm at room temperature for 30 minutes to obtain more homogenous and equal distribution of the filler. The morphology of pure ND, PMMA, and dispersion of ND in the PMMA (ND/PMMA mixture) were examined before heat-polymerization by scanning electron microscopy (SEM) (Figs 2 and 3A) . The ND powder was also analyzed by transmission electron microscopy (TEM) to obtain a detailed morphology and structure of the ND particles at high resolution ( Fig 3B) . The polymer and monomer were mixed according to manufacturer recommendations, packed into the mold cavity, and processed using the conventional curing method by placing the flasks into a curing unit (KaVo Elektrotechnisches Werk GmbH, Leutkirch, Germany) for 8 hours at 74°C, and then increasing temperature to 100°C for 1 hour. The specimens were finished and polished using a tungsten carbide bur (HM 79GX-040 HP; Meisinger, Centennial, CO) with a thin cross cut at 18,000 rpm, followed by a coarse grain cylindrical rubber top bur for acrylic resin (Super Acrylic Polish; Lang Dental, Wheeling, IL) and then a fine grain cylindrical rubber top bur (Super Acrylic Polish). 25 For polishing standardization, a mechanical polisher (Metaserve 250 grinder-polisher; Buehler, Lake Bluff, IL) was used for final polishing with polishing cloths disc (TexMet C10 in , 42-3210; Buehler GmbH, Dusseldorf, Germany), using polishing suspension (0.05 µm) (Master Prep, polishing suspension; Buehler GmbH) with a speed of 100 rpm for 2 minutes in wet conditions. A digital caliper with a 0.01 mm accuracy (Neiko 01407A Electronic Digital Caliper; Neiko Tools US, LaPorte, IN) was used to check the proper dimension of specimens, then stored in distilled water at 37°C for 48 ± 2 hours prior testing.
The flexural strength was tested as the fracture load was measured with a three-point bending test using a universal testing machine (Instron Model 8871; Instron Corp., Canton, MA). A 50 kgf load cell was applied at the midpoint of the specimen with a 5 mm/min crosshead speed until the specimen fractured. The flexural strength was calculated using the formula S = 3WI/2bd 2 (S = flexural strength, W = maximum load before fracture, I = distance between the supports [50 mm], b = width of the specimen, d = depth [thickness] of the specimen).
The impact strength was determined using a pendulum Charpy-type impact-testing machine (Digital Charpy Izod impact tester, XJU 5.5; Jinan Hensgrand Instrument Co., Ltd., Jinan, China). Each specimen was horizontally placed with a distance of 4 cm between the two fixed supports. A drop weight of 0.5 J was applied at the mid-span of the specimen on the opposite side to the notch. The impact strength of each specimen (KJ/m 2 of energy absorbed in breaking the specimen) was digitally recorded.
Surface roughness profiles were evaluated after keeping the specimens in distilled water for 3 days. A noncontact optical interferometric Profilometer (Wyko NT1100; Veeco, Santa Barbara, CA) measured Ra values. Each specimen was placed horizontally, and a vertical scan image mode Myro lens (5 × 2 FOV) was applied to scan and record Ra values. The metal mold used for fabrication of surface roughness specimens was used as a holder, with the specimens placed in the mold using marks as a guideline for measurements. Five marks with equal distance in between were placed on opposing sides of the holder, while one mark was made at the middle of the other opposing side, where the line connected these two points (crossing the other 5 marks). At each cross, 5 readings were taken per each specimen. Five readings per specimen surface (at the same positions for all specimens) were measured, and the average Ra was recorded. Three-dimensional figures representing the average roughness (in nm) were used for analysis of pit characteristics to determine pit characteristics such as pit number, depth, diameter, area, volume, density, and overall Ra values through measured surface parameters and color grades. Fractured specimens (controlled and ND enhanced) were gold coated (Ion Sputtering Device/JEOL-JFC-1100E; JEOL USA, Peabody, MA), scanned using SEM at an accelerating voltage of 20 kV, and photographed at the selected magnification.
One-way ANOVA was used to compare the flexural strength, impact strength, and surface roughness of the different specimens. Tukey test was used, and means and confidence intervals were calculated and compared using post-hoc multiple comparisons. Significance was set at the 5% level. Statistical analysis was performed using SPSS v17.0 (SPSS Inc., Chicago, IL).
Results
The dispersion of ND material in the PMMA matrix was confirmed by examining the pure PMMA and ND-mixed PMMA prior to heat polymerization. SEM observation demonstrates the uniform distribution of ND sheets within the PMMA matrix. The results of this examination are shown in Figure 2 . The pure PMMA matrix shows the clean microspheres of PMMA with dimensions from a few micrometers to a few tens of micrometers (Fig 2A) . The dispersion of ND was obvious in the ND/PMMA mixture: the ND material was attached with PMMA microspheres (Fig 2B) . The spots in the electron diffraction pattern indicate the crystalline nature of the diamond 26 ( Fig 2C) . The surface morphological features and structure of the ND material prior to heat polymerization were evaluated by SEM and TEM. SEM micrographs of the ND powder show the overall morphology of the specimen, whereby the individual particles of ND <100 nm can be seen (Fig 3A) . TEM images display the detailed surface morphology of the ND ( Fig  3B) . The diamond powder exhibited varying morphology: particles and sheet-like structures. The size of the particles was estimated to be approximately 20 to 40 nm, while the sheets were observed of varying thicknesses and sizes. The size of the sheet was estimated from few tens to several tens of nanometers. The bonding between ND and PMMA was investigated by Fourier-transform infrared spectroscopy (FTIR) (Nicolet 6700; Thermo Fisher Scientific, Waltham, MA) in the entire range of infrared spectrum (4000-400 cm −1 ). The results of FTIR for pure PMMA and ND/PMMA are presented in Figure 4 . The FTIR spectra of the pure PMMA (black spectrum) reveal the characteristic bonds of pure PMMA, and the main bond (1730 cm −1 ) that is attributed to carbonyl groups. The mean flexural strength, impact strength, and surface roughness of different nanocomposite specimens are shown in Table 3 . Acrylic resin reinforced with 0.5% ND produced significantly higher flexural strength when compared to the control, the acrylic resin reinforced with 1% ND, and the 1.5% ND (p < 0.0001). There was no significant difference in flexural strength between the control group and the acrylic resin reinforced with 1% ND. The impact strength of the control group specimens was significantly higher (p < 0.0001) than that of 0.5% ND, 1% ND, and 1.5% ND, with no significant difference between 1% ND and 1.5% ND.
The cross sections of the specimens bearing flexural and impact tests were examined by SEM at representative magnification of 1000x. The descriptive SEM micrographs of the fractured surfaces of the control group and those of the reinforced PMMA specimens are shown in Figures 5 and 6 . The control group shows a smooth surface and small pits with features of brittle fracture for both flexural-and impact-tested specimens ( Figs 5A and 6A ). For flexural-tested specimens, the SEM analysis of the reinforced specimens (ND/PMMA) showed a surface with small and large irregular-lamellae with a dimpled appearance characteristic of a ductile fracture (Figs 5B-D) . Some such lamellae features are marked with black arrows. The appearance of cluster formation was evident due to the agglomeration of ND particles upon increasing the concentration of NDs in the PMMA matrix. SEM analysis showed a change in the surface from uniform distributed lamellae to random dimple-shaped lamellae with high pits characteristic. The surface roughness increased from a smooth to a rough surface with the increase of ND percentage in the matrix. The roughest surface was found for 1% and 1.5% ND specimens ( Figs 5C, D) . For the impact strength specimens, brittle fractures were evident by the presence of a smooth surface (mirror-like appearance) with less-prominent pit characteristics (Fig 6A) and some cluster and void formations with different concentrations of ND (Fig 6D) . SEM analysis of the specimens that underwent flexural and impact tests supports the results shown by reinforced groups, where flexural strengths improved substantially with the addition of ND materials in the PMMA matrix. The flexural strength increased from 82.35 MPa (control group) to 96.95 MPa (0.5% ND/PMMA) then decreased to 83.76 and 73.62 MPa, respectively, for (1% ND/PMMA) and (1.5% ND/PMMA) specimens. On the other side, SEM for impact strength supported the decrease in impact strength with addition of ND. The impact strength decreased from 7.04 KJ/m 2 in the control group to 6.12, 4.35, and 3.78 KJ/m 2 for 0.5%, 1%, and 1.5% NDs added specimens, respectively.
The surface roughness of the unreinforced specimens and the 1.5% ND specimens was significantly higher than the 0.5% ND and the 1% ND groups (p < 0.0001). Acrylic resin reinforced with 0.5% ND showed significantly lower surface roughness compared to the other specimens. Average surface roughness values were represented through parameters with two main colors: red and blue. Red demonstrates the peaks of height, while blue exhibits the valleys' depth from a mean line. Regarding pit characteristics, in the control group, multiple pits on the whole surface of the specimens appear between serrated lines. Moreover, the variation of the color grades on the parameter confirms the depth of these pits. On the other hand, with 0.5% ND addition, the background of the specimens appeared as a smooth surface with few pits in addition to less color grade variation. By increasing ND concentrations, pit characteristics were changed and increased in a similar fashion to the control group. The graduated colors between red and blue and readings on the top and bottom of this parameter represent the whole surface roughness (Fig 7) . 
Discussion
Fractures in dentures result from two types of forces -impact and flexural fatigue. While the impact may fracture dentures when they are dropped, repeated flexing from chewing ultimately fatigues many dentures in the mouth. 27, 28 Accidentally dropping a complete denture during cleaning, coughing, or sneezing, or sudden strokes to the denture, as well as exposure to continuous flexing from masticatory forces are the main causes of denture fracture. Accordingly, denture base material is required to have adequate impact strength and flexural strength to resist fracture and improve its longevity. 29 The ability of a denture base material to withstand crack propagation and impact forces is an important factor affecting its performance. Hence, mechanical properties of PMMA-based materials should be enhanced to achieve stronger and more fracture-resistant dentures. PMMA is considered to be the material of choice for denture base construction despite its poor flexural and impact strength, which increase the possibility of denture fracture as well as surface roughness. NDs were added to PMMA because of their ability to combat infections, but their effect on some mechanical properties of PMMA is unknown. 30 The purpose of this study was to evaluate the effect of ND addition on both flexural and impact strengths and surface roughness of the resultant nanocomposite material. Based on the results of this study, the addition of NDs to acrylic denture base in low concentrations improved the flexural strength and surface roughness, but adversely affected the material properties as ND concentration increased. While the impact strength results were different, the addition of NDs decreased the impact strength of PMMA nanocomposites. Therefore, the null hypothesis was rejected.
Flexural strength significantly increased with the PMMA-ND 0.5% group in comparison to the non-reinforced group. The increase in flexural strength probably resulted from the highly crystalline structure of ND (Fig 2C) and the presence of NDs within the resin matrix. The improvement in mechanical strength could be further attributed to fine dispersion of NDs in the PMMA matrix. Moreover, the presence of reactive groups (-COOH, -OH, etc.) resulting from ND heat treatment increased the interface interaction between ND and carbonyl groups of PMMA. 16 These reactive groups were more intense for ND-added PMMA specimens, as seen by FTIR analysis (Fig 4) , suggesting the strong bonding between the carbonyl groups. Almost all bonds of the ND/PMMA specimen (blue curve) showed intense intensities compared to the pure PMMA specimen, indicating the existence of a strong bond between ND and PMMA. This strong bonding was reflected by significantly improved flexural strengths (Table 3) . 13, 26 Furthermore, heating NDs in air resulted in elimination of non-diamond particles and could be beneficial in de-agglomeration of particles. 12 However, the mean flexural strength decreased with increased concentration of NDs. This may be because the flexural strength of reinforced resin increases up to a certain limit until the resin content becomes insufficient to bind with all reinforcing material, then decreases as ND concentration increases. This finding was further confirmed by SEM observation where the unreinforced PMMA had a sharp crack surface without visible plastic deformation. With the addition of NDs, uniform multi-stepped morphology was observed ( Figs 5B, C) , strengthening the mechanical performance of PMMA-ND at low concentrations. The results of this study are similar to ones obtained by Maitra et al, 13 who found that the decrease in flexural strength of the tested specimens was due to agglomeration of nanoparticles, in addition to non-uniform distribution of the particles within the matrix. 13 In this study, the significant decrease in impact strength of all groups of ND-reinforced PMMA shows that the material is incapable of resisting sudden or high load. This decrease is attributed to the agglomeration and loosely attached cluster formation of NDs. In contrast, Protopapa et al 16 found that the addition of NDs to PMMA used for fixed interim prostheses increased the impact strength of PMMA resin. These conflicting results may be due to the different percentage of added NDs and the differences in the testing procedures. 16, 31 The SEM images of the impact strength specimens' fractured surfaces showed that the fractured surfaces had irregular lamella (Fig 6A) and slightly smooth, faint lamella (Fig 6B) , indicting a brittle fracture mode. A study that looked at the effect of the environment on the crack initiation toughness of PMMA found that fracture of brittle materials occurs due to rapid propagation without plastic deformation. 32 Once these unstable cracks are initiated, they will continue to propagate spontaneously without an increase in the applied stress.
The surface roughness images showed a significant decrease of the surface roughness of the studied specimens with 0.5% ND, while the addition of a higher concentration of NDs caused an increase in surface roughness. This decrease in surface roughness may be due to good distribution of nanoparticles within the resin matrix in addition to filling the inter spaces in polymetric chains, resulting in smooth surfaces. As NDs increased to more than 0.5% ND, the surface roughness increased to where the nanocomposites containing 1.5% NDs were similar to unreinforced acrylic resin. This increase in surface roughness may be attributed to the existence on the specimen surfaces of loosely attached clusters of ND particles and sheets that can be easily detached during finishing and polishing, leaving voids. Although high surface roughness results were reported with high ND concentrations, the Ra values were lower than the reported clinically acceptable value (0.2 µm). This value is significant because when increased above the accepted value, plaque accumulation occurs in the prostheses. 19, 33 The limitations of this study include testing limited concentrations of NDs, as well as testing three properties in a dry condition not resembling intraoral conditions. The observed change in color of ND-reinforced PMMA prevents the use of this material in esthetically visible areas of the denture. Further investigations using lower concentrations of NDs, evaluating the physico-mechanical properties in a simulated oral environment and functional stress, and aging procedures will be required.
Conclusions
(1) The addition of 0.5% NDs to denture base acrylic resin significantly increased its flexural strength. ( 2) The addition of any ND concentrations to denture base acrylic resin significantly decreased its impact strength. (3) Surface roughness of denture base acrylic resin decreased significantly with 0.5% ND addition.
